Abstract -We present wireless impedance measurement for passive UHF RFID tag chips. The measurements are performed on the tag chip when it is connected to the tag antenna in the balanced mode as it operates; neither test fixture nor matching network is needed. The chip impedance measurement in absorbing state and reflecting state by using a time-domain vector reflectometer system. The experimental results are presented for a UHF RFID Gen2 device.
I. INTRODUCTION
Radio-frequency identification (RFID) technology has been developed and widely applied in the past few decades [1] . It provides simple and economical solutions for wireless identification and data access. In a RFID system, the communication between a reader and a tag is established when the backscatter of a (usually) passive tag is modulated by switching the impedance of the tag chip (or ASIC, application specific integrated circuit). The chip impedance is critical for the design of the tag antenna and the performance of the passive tag.
Conventionally, a vector network analyzer (VNA) is used for a wired (i.e. contact) impedance measurement by connecting the device under test to a 50-0 system connector and detecting the reflection coefficient [2] . In general, a test fixture and a matching network are needed to do contact tag chip impedance measurement. A test fixture is used for connecting the tag chip and the 50-0 system connector. For most passive tag chips, the input impedances are highly reactive. Therefore, a matching network can be used to improve measurement accuracy.
On the other hand, the tag chip switches between the absorbing state and the reflecting state only when it receives a query signal in which the command sequence is modulated. The modulation feature is not provided by VNAs, and only the impedance of the absorbing state can be measured [3] . To measure the impedance of the reflecting state, the query signal is required to wake up the tag, and it can be generated by a vector signal generator. Such an experimental setup, which has a vector signal generator cooperating with a VNA, an oscilloscope, and a test fixture, has been presented [4] .
To circumvent the need for contacting the chip, we have explored the method of wireless impedance measurement by vector backscattering, which is derived from the theory of the vector backscattering from a loaded scattering antenna [5] [6] .
By the detection of vector backscattering, this technique enables the measurement of a complex impedance load connected to a scattering antenna.
The experimental setup is modified to achieve wireless impedance measurement of a tag chip in two states. A time domain vector reflectometer generates modulated signals and receives reflected (backscattered) signals. In contrast to contact measurements, there is no need to remove the chip from the tag, and the chip is measured in the balanced mode while it is connected to the tag antenna as it operates. Therefore, no test fixture and (optional) matching network is needed. In the next section, the equations for scattering antenna characterization and wireless impedance measurement are presented. The process is described in Section III, and the measurement setup and the experimental results are presented in Section IV.
II. THEORY
Scattering of a loaded antenna communicates the characteristics of the antenna and the load; backscattering is the special case for collocated transmitter and receiver. The 
where A is the wavelength of the carrier wave, R is the distance from the observation point to the scatterer, GTR is the gain of the transmitting/receiving antenna, GSA is the gain of the scattering antenna, and Ac is the amplitude compensation factor, V TX is the transmitted voltage signals, r BS is the backscattering coefficient, 80 is the phase constant, and 8c is the phase constant. The backscattering coefficient r BS is the vector between the structure mode vector As and the modified reflection coefficient r m. They are defined as,
where ZA is the input impedance of the tag antenna and ZL is the input impedance of the load.
The modified reflection coefficient r m is a conformal mapping function between ZA and ZL. Since As is a constant complex number at one frequency, the backscattering coefficient r BS and the load impedance ZL form a one-to-one mapping. Two impedance loads ZLl and ZL2 correspond to two backscattered voltage signals respectively and the ratio of these two signals is expressed as
which is valid when all the other parameters are identical and the load impedance is the only parameter varied in the measurement. Rearranged from (4), the structure mode vector is written as 
which specifies the modified reflection coefficient of the load under test. The load impedance is rearranged as
derived from the definition of r m' Therefore, ZL is determined by the modified reflection coefficient of the load under test which is obtained. 
IV. EXPERIMENTAL SETUP AND MEASUREMENT RESULTS
The measurement setup and the experimental results for wireless impedance measurement are presented in this section. The tag used in this experiment is the AD-222 (chosen for its simple geometry) loaded with an Impinj Monza2 chip, as shown in Fig. 1 . The input impedance of AD-222 is 6.8 + 208.4j which is simulated in CST Microwave Studio at 915 MHz. The experimental setup is displayed in Fig.2 . Backscattered voltage signals from the tag in two states are measured by the time-domain vector reflectometer system, which is composed of a vector signal generator (VSG), a vector signal analyzer (V SA), a circulator, a transmitting/receiving antenna, and an anechoic chamber. The EPCGlobal Gen2 standard query signal is emulated by the VSG and transmitted through the transmitting/receiving antenna to wake up the tag for the responses in both the absorbing state and the reflecting state.
The received signal consists of the backscattered signal from the scatterer and two signals: the reflection of antenna mismatch and the reflection of the imperfect anechoic chamber. These two signals are removed by background subtraction. The backscattering measurement is achieved by using one antenna for both signal transmission and reception. VSG and VSA are synchronized with rms phase error less than 1 degree for the phase measurement. The carrier frequency is controllable and fixed to 915 MHz (the center frequency of the UHF RFID band in North America). The output power of VSG is ranged from 12 to 18 dBm; 12 dBm is the minimum power to tum on the chip, and 18 dBm is the maximum power VSG can provide. With the measured r m, the chip impedances of the absorbing state (ZASICI) and the reflecting state (ZASICZ) are calculated by (7); the results of the average and the standard deviation error bar are shown in Fig. 4 . The real part of ZASICI and ZASICZ are quite consistent while the imaginary part of ZASICI and ZASICZ differ by � 100 n. The trend shows a slight increase for all measurements vs power.
V. CONCLUSION
We have demonstrated the method of wirelessly measuring tag chip impedance in both the absorbing state (ZASICI) and the reflecting state (ZASICZ). The measurements have been performed as the tag operates. No test fixture and matching network is needed. The experimental results have been presented at 915 MHz for different power levels.
